Context. Magnetic fields are invoked to launch, drive, and shape jets in both low-and high-mass protostars, but observational data on the spatial scales required to assess their role in the protostellar mass-loss process is still scarce. Aims. The Turner-Welch (TW) Object in the W3(OH) high-mass star forming complex drives a synchrotron jet, which is quite exceptional for a high-mass protostar, and is associated with a strongly polarized H 2 O maser source, W3(H 2 O), making it an optimal target to investigate the role of magnetic fields on the innermost scales of protostellar disk-jet systems. Methods. We report full polarimetric VLBA observations of H 2 O masers towards W3(H 2 O). Their linearly polarized emission provides clues on the orientation of the local magnetic field (on the plane of the sky), while the measurement of the Zeeman splitting provides its strength (along the line-of-sight). The linear scales probed by H 2 O masers are tens to hundreds of AU (at the W3(H 2 O) distance, ∼ 2 kpc), inaccessible to other star formation tracers. Results. We identified a total of 148 individual maser features and we measured their physical properties. Out of 148, we measured linear polarization in 34 features, with a fractional percentage varying in the range 0.9%-42%, making W3(H 2 O) the highest polarized H 2 O maser source observed with VLBI known in the Galaxy. The H 2 O masers trace a bipolar, biconical outflow at the center of the synchrotron jet. Although on scales of a few thousand AU the magnetic field inferred from the masers is on average orientated along the flow axis, on smaller scales (10s to 100s of AU), we have revealed a misalignment between the magnetic field and the velocity vectors, which arises from the compression of the field component along the shock front. We also detected circularly polarized emission toward 10 maser features, with a fractional percentage varying in the range 0.2-1.6%. In the gas shocked by the synchrotron jet, we estimate a total field strength in the range ∼100-300 mG (at densities of 10 9 cm −3 ). We conclude that fields of this order of magnitude are expected if the observed polarized water masers emerge behind magnetically supported shocks which, propagating in the W3(H 2 O) hot core (with an initial density of order of 10 7 cm −3 ), compress and enhance the field component perpendicular to the shock velocity (with an initial field strength of a few mG). We constrain the magnetic field strength in the pre-shock circumstellar gas (which is dominated by the component parallel to the flow motion) to at least 10-20 mG (at densities of 10 7 cm −3 ), consistent with previous estimates from a synchrotron jet model and dust polarization measurements. Conclusions. In W3(H 2 O), the magnetic field would evolve from having a dominant component parallel to the outflow velocity in the pre-shock gas, with field strengths of the order of a few tens of mG, to being mainly dominated by the perpendicular component of order of a few hundred of mG in the post-shock gas where the H 2 O masers are excited. The general implication is that in the undisturbed (i.e. not-shocked) circumstellar gas, the flow velocities would follow closely the magnetic field lines, while in the shocked gas the magnetic field would be re-configured to be parallel to the shock front.
Introduction
Protostellar jets from both low-mass and high-mass Young Stellar Objects (YSOs) are known to be ionized, primarily through shocks, during early stages of their evolution (Anglada et al. 1998; Hofner et al. 2011 ). In the case of high-mass YSOs, the H-ionizing luminosity increases dramatically when the YSO reaches the main sequence, resulting in prominent ionized winds and/or compact HII regions (Hoare et al. 2007 ). Therefore, thermal (bremsstrahlung) emission is often associated with (highmass) YSOs, and observations of radio continuum as well as recombination lines can be naturally used to study the ionized component of (high-mass) protostar outflows.
Besides (thermal) free-free emission due to shock-induced ionisation, low-mass YSOs like T Tauri stars are known to emit also (non-thermal) gyrosynchrotron emission from mildly relativistic electrons gyrating in magnetic fields (Andre 1996) . Nonthermal emission in radio jets has been also observed in some massive protostars, e.g. W3(H 2 O) (Reid et al. 1995) , HH 80-81 (Carrasco-González et al. 2010) et al. 2011) , and G16.59-0.05 (Moscadelli et al. 2013 ). These findings have been interpreted in terms of synchrotron emission from relativistic electrons accelerated in strong shocks, but overall synchrotron jets appear to be quite rare. However, a recent study by Moscadelli et al. (2016) suggests that non-thermal continuum emission could be common in high-mass protostellar jets, after all. Studying the magnetic field in synchrotron jets provides a great opportunity to understand its role in the protostellar mass-loss process and, more in general, in high-mass star formation (HMSF).
The Turner-Welch (TW) Object (Turner & Welch 1984 ) is a luminous hot-core (L ∼ 10 4 L ) about 6 or 10 4 AU east of the archetypal ultracompact (UC) HII region W3(OH), at a distance of 2.04 kpc (Hachisuka et al. 2006) . With respect to the neighbouring W3(OH), it shows weak OH masers and no UC-HII region, indicating an earlier evolutionary stage. The dense molecular clump is forming a protobinary (or a multiple) system, as inferred from the structure in the mm dust emission (Wyrowski et al. 1999; Zapata et al. 2011) . Remarkably, the most massive member of the multiple (labelled "A"; Wyrowski et al. 1999 ) is driving a synchrotron jet (Reid et al. 1995; Wilner et al. 1999) , along the east-west (E-W) direction, which is also the direction along which the multiple is forming. Besides the synchrotron jet, the TW-object powers strong H 2 O masers, therefore the core is also indicated as W3(H 2 O). Proper motions measurements of these water masers revealed a bipolar outflow centered at the synchrotron jet, expanding at about 20 km s −1 (Alcolea et al. 1993; Hachisuka et al. 2006) .
One interesting property of molecular masers is that, besides being superb kinematic probes, they can be polarized. With a detailed theory of maser polarization propagation, polarimetric observations can yield the strength of the magnetic field along the line-of-sight (l.o.s.) from circular polarization (Zeeman effect) and the 2D (or even the 3D) field structure from linear polarization (see Vlemmings 2012 , for a review). And indeed a number of water maser sources have been studied with polarization observations, and all showed that the linear polarization vectors of individual water maser features are generally aligned with each other, indicating that the measured polarization truly probes the magnetic field in the maser region (Imai et al. 2003; Vlemmings et al. 2006; Surcis et al. 2011a Surcis et al. ,b, 2014 .
In this Paper, we present full polarimetric observations of H 2 O masers in W3(H 2 O), with the main goal of measuring for the first time the magnetic field strength and structure along the synchrotron jet driven by a high-mass protostar. The general question we want to address is whether there is a coupling between the gas motion and the magnetic field, i.e. if the gas motion locally follows the magnetic field or viceversa. In order to address this question, we need to probe the small scales where jets and winds are expected to be launched and collimated by massive protostars (a few tens to hundreds of AU; see e.g. Matthews et al. 2010; Greenhill et al. 2013 ). This requires very long baseline interferometry (VLBI) measurements.
Observations and data reduction
We observed the massive star-forming region W3(OH) in the tral mode using one single baseband filter of 2 MHz, which covered a total velocity range of ≈ 27 km s −1 . We performed three correlation passes in total. The first one had 128 channels with a spectral resolution of 15.6 kHz (0.2 km s −1 ) and included all 4 polarization combinations: RR, LL, RL, LR. This pass allowed to produce images in all Stokes parameters and was used in the analysis to measure the linear polarization of individual maser features. The other two passes had higher spectral resolution (1.95 kHz or 0.03 km s −1 ) and 1024 channels, and contained only the circular polarization combinations: RR and LL, respectively. These extra two passes were required to measure Zeeman splitting of individual H 2 O maser lines. Including the overheads, the total observation time was 12 h.
The data were calibrated and imaged using the Astronomical Image Processing Software package (AIPS). The calibration of the bandpass, delay, rate, and phase was performed on the calibrators 0420-014 and DA193. The fringe-fitting and the self-calibration were performed on the brightest maser feature at V LSR =-48.6 km s −1 (Table 1) , on the dataset with 0.2 km s −1 velocity resolution. In order to calibrate the polarization, we first removed instrumental effects, by estimating the D-terms for each antenna. For this purpose, we used 0420-014, which is a linearly polarized source (2%; Marscher et al. 2002) , covering a large variation (> 90
• ) of the parallactic angle during the observations. The solutions from fringe-fitting and D-terms were then transferred from the moderate to the high spectral resolution dataset. We did not correct for the R-L delay offset, which affects the polarization angle but in a negligible way with respect to its uncertainty.
Imaging and deconvolution of the two fully calibrated data sets were performed within the AIPS task IMAGR, using Briggs weighting with R=0 and a pixel size of 0. 0002, which resulted in a beam-size of 0. 00097 × 0. 00074. The phase-center position was: α(J2000) = 02 h 27 m 04. s 836, δ(J2000) = +61
• 52 24.61", corresponding to the TW-object. Since the water maser distribution extends E-W across more than 3 (Hachisuka et al. 2006) , we simultaneously imaged three fields of 8192×8192 pixels or 1. 6×1. 6 each around the TW object, sufficient to cover the total area with known water maser emission. A fourth field was imaged approximately 7 to the West of the TW-object, at the position of the HII region W3(OH), but no water maser emission was detected. For each field, we created data cubes of Stokes I (rms = 7.3 mJy beam −1 ), Q (rms = 6.5 mJy beam −1 ) and U (rms = 6.5 mJy beam −1 ) for the modest spectral resolution dataset, and Stokes I and V (rms = 10 mJy beam −1 ) for the high spectral resolution dataset. The Q and U cubes were combined to produce cubes of polarized intensity (POLI = Q 2 + U 2 ) and polarization angle (POLA = 1/2 × atan(U/Q)). We calibrated the linear polarization angles of individual H 2 O masers by rotating the linear polarization angle measured for 0420-014 from our VLBA data to the one measured in a POLCAL VLA observation 2 carried out 43 days before our VLBA observations: χ 0420−014 = +66
• .91. The formal errors on the POLA values for individual spectral channels are due to thermal noise: σ POLA = 0.5 σ P /P × 180
• /π (Wardle & Kronberg 1974) , where P and σ P are the polarization intensity and corresponding rms error, respectively. The I and V cubes at high spectral resolution were used to evaluate the magnetic field strength along the line of sight, which is proportional to the circular polarization fraction P V = (V max − V min )/I max . The analysis of the maser polarization data is described in Appendix A.
We did not observe in phase-referencing mode, therefore during self-calibration we lose the information on the absolute position. The positions of the identified H 2 O masers are relative to the strongest maser feature used for self-calibration at -48.6 km s −1 . In order to estimate the absolute position in our maps, we used the astrometric measurements by Hachisuka et al. (2006) (the procedure is described in Appendix B).
Results
We used the VLBA at 22 GHz to perform full polarization observations of water masers toward W3(H 2 O). We identified a total of 148 individual maser features and we measured their physical properties, including positions, flux densities, l.o.s. velocities (V LSR ), and (when polarized) their fraction of linear and circular polarizations, as well as the corresponding linear polarization angles and magnetic field strengths along the l.o.s. (these parameters are listed in Table 1 ). The methodology adopted to derive the physical properties of individual maser features is described in Appendix A.
The identified maser features have peak flux densities from 50 mJy to about 2000 Jy, and V LSR spanning from -60.6 to -39.7 km s −1 . Figure 1 shows positions and l.o.s. velocities of the 22 GHz water maser features overplotted on the contour map of the dust continuum emission at 1.4 mm, imaged with the PdBI by Wyrowski et al. (1999) . The masers are distributed over an area of 2. 5 × 0. 5 along E-W, and are clustered in five main groups, which we label with letters from "a" to "e". The l.o.s. velocities do not show any particularly ordered distribution, consistent with a flow in the plane of the sky (Reid et al. 1995) . The 1.4 mm continuum is elongated E-W, across approximately 3 , and comprises three dusty components, labelled "A", "B", and "C" from east to west (Wyrowski et al. 1999) . The masers are loosely associated with these three peaks of dust emission with the majority of H 2 O masers detected towards the strongest dust continuum peak ("A") and to the east from it, at the eastern "tip" of the elongated dusty core, where also the highest intensity maser features are observed.
Besides positions and l.o.s. velocities, we also measured the position angle of the linear polarization vectors (χ) and the Zeeman splitting for single maser features. We describe these measurements in the next two subsections.
Linear polarization: Magnetic Field Orientation
Out of the 148 features detected, we measured linear polarization in 34 maser features, with a fractional percentage varying in the range P l = 0.9% − 42% (see Table 1 and Appendix A). In Figure 1 , line segments indicate the linear polarization vectors of the maser features, whose length scales logarithmically with the polarization fraction, P l . Remarkably, 13 features have P l > 10%, with 4 having P l > 35%, making W3(H 2 O) the highest polarized H 2 O maser source on VLBI scales known in the Galaxy 3 . This is both a blessing and a curse, because on the one hand such high fractions of polarization are obviously easier to measure (flux-wise), but on the other hand these masers are most probably saturated, and their polarized signal does not reflect the source magnetic field (see for example the discussion in Garay et al. 1989 in the case of the H 2 O maser flare in Orion BN-KL). In particular, this hampers the exact relation between the polarization vector and the magnetic field orientation. According the theory of polarized maser emission (Goldreich et al. 1973) , the direction of the linear polarization vector is either parallel or perpendicular to the magnetic field (sky-projected) orientation, depending if the angle between the field orientation and the maser propagation direction (the so called Van Vleck angle, θ) is less than or over 55
• , respectively.
In order to assess weather θ is less or more than 55
• , we used a two-steps approach. First, we used the full radiative transfer method (FRTM) code developed by Vlemmings (2006) and based on the model by Nedoluha & Watson (1992) , to determine θ (and associated errors) in each individual maser feature with linearly polarized emission (see Appendix A). We then considered the entire range of values allowed by the estimated errors, from θ − ∆θ to θ + ∆θ. In cases where θ − ∆θ > 55
• , the magnetic field is undoubtedly perpendicular to the linear polarization vector, whereas for θ + ∆θ < 55
• it is undoubtedly parallel. In cases where θ − ∆θ < 55
• and θ + ∆θ > 55
• , the magnetic field is either perpendicular or parallel to the linear polarization vector. In those cases, we assumed that the magnetic field is more likely parallel if |(θ+∆θ)−55
• | < |(θ−∆θ)−55
• | (otherwise more likely perpendicular). It turned out that most of the maser features with a relatively low (i.e. a few percent) fractional polarization fall in this last group, owing to larger negative error-bars with respect to positive error-bars (see Appendix A for an explanation).
As a second step, we plotted the magnetic field vectors according to their θ angles calculated in the first step (these include all the linearly polarized features displayed in Fig. 1 ). We started analyzing the richest maser cluster, "a", which displays a remarkably consistent orientation of the linear polarization vectors (Fig. 1, inset a) . We noticed however that the presumed magnetic field orientations of adjacent masers changed by ∼90
• in several cases. In fact, one limitation in our analysis is that the FRTM code overestimates θ for saturated masers (Vlemmings 2006) , which implies that the condition of perpendicularity is erroneously satisfied in some cases. Therefore, sudden changes of 90
• in magnetic field orientation probed by adjacent masers may indicate that saturation effects are at play. Notably, when excluding maser features with P l ≥5%, we found that the presumed magnetic field orientations of adjacent masers become consistent with one another (within the errors). We interpret this result in terms of an empirical threshold of linear polarization fraction (P l =5%) above which the water masers enter into the saturation regime, and therefore their polarized signal does not trace the magnetic field anymore. The goodness of this criterion is also demonstrated by the fact that it automatically excludes all the features in cluster "d" (except one), which indeed show a number of properties ascribable to saturation: the highest intensity, including flaring features (up to 2000 Jy), among the highest values of brightness temperature, and an origin in a turbulent region interested by strong shocks. This may explain the exceptional high values of their linear polarization fraction (>10%; see Table 1 ) and the random distribution of their linear polarization vectors (see inset d in Fig. 1 ), indicating that the polarization does not reflect the magnetic field in the region.
In summary, in order to avoid contamination from saturated masers, in our analysis we adopted a conservative approach by excluding all maser features with P l ≥5%, which are either saturated or going towards a saturation state. A similar result was obtained in previous works by Vlemmings et al. (2006) and Surcis et al. (2011a) , who also suggested that a high linear polarizaArticle number, page 3 of 16 A&A proofs: manuscript no. w3h2o_pol Wyrowski et al. (1999) are labelled "A", "B", and "C", from east to west. Contour levels correspond to steps of 24 mJy beam −1 (starting from 47 mJy beam −1 ). The insets show the linear polarization vectors of individual maser features in different clusters (from "a" to "e"), where the length of the line segments scales logarithmically with the polarization fraction (in the range P l = 0.9% − 42%). We also report the magnetic field strengths (in mG) along the l.o.s. (B l.o.s. ) in the maser features for which we measured the Zeeman splitting. The positions are relative to the reference maser feature used for data self-calibration (ID 018 in Table 1 ). tion fraction, P l > 5%, can only be produced when the maser is saturated.
Based on this analysis, we found that the magnetic field is parallel to the linear polarization vectors for most of the identified maser features with P l <5% (these have their θ angles in boldface in Table1). Figure 2 shows the resulting (sky-projected) magnetic field vectors for the maser features with P l <5%, overplotted on the 1.4 mm continuum map tracing the dust emission (same as in Figure 1 ), as well as the 8.4 GHz continuum imaged with the VLA (Wilner et al. 1999) . Interestingly, the magnetic field inferred from the H 2 O masers is on average oriented along E-W, i.e. along the mm dust and radio continuum emissions, suggesting a physical relation between them (see § 4.1). The fact that the field orientations for neighboring maser features are mostly consistent with one another, increases our confidence in the physical relevance of the inferred magnetic field structure.
Circular polarization: magnetic field strength
Besides linear polarization, we also detected circularly polarized emission toward ten maser features, varying in the range P V = 0.2 − 1.6%. Considering only masers with P l <5%, i.e. 037, 051, 063, 104, and 105 (all towards component "A" of the mm continuum), we obtain values of the magnetic field strength along the l.o.s., B l.o.s. , of (-60±11) mG, (-84±35) mG, (+360±120) mG, (+169±34) mG, and (+161±41) mG, respectively 4 . Sarma et al. (2002) also conducted Zeeman measurements in the 22 GHz H 2 O masers with the VLA (beamsize ∼0. 1), yielding a field strength B l.o.s. = 42 ± 3 mG, much lower than the values we quote here. However, their measurements used only the strongest feature at -49.1 km s −1 , located at α(J2000) = 02 h 27 m 04. s 866, δ(J2000) = +61
• 52 24.89", i.e. in the cluster ) is overploted onto the 1.4 mm continuum emission mapped with the PdBI (beamsize∼0. 5) by Wyrowski et al. (1999) (gray scale and black contours: same as in Fig. 1 ). The radio continuum shows a main central component, the synchrotron jet, and two (western and eastern) secondary components (see § 4.1 for an interpretation).
, while our measurements of circular polarization include only cluster "a". We also measured a Zeeman splitting for the same feature detected with the VLA (corresponding to maser ID 018 in Table 1 ), yielding B l.o.s. = 59 ± 9 mG: this is consistent with the value inferred by Sarma et al. (2002) 5 . We did not however include this feature (nor any other strong maser feature in cluster "d") in our analysis because it does not satisfy the condition that the masers should be unsaturated, and therefore cannot provide reliable estimates of the magnetic field strength. On the other hand, we fear that a measurement of the Zeeman splitting towards our cluster (we excluded the maser component 063 because θ is ∼90
• , and B cannot be constrained). The locations of the maser features for which we measured the Zeeman splitting, along with the associated values of the magnetic field strengths, are plotted in Figure 2 and reported in Table 2 .
It is perhaps worth noting that the amplitude of the magnetic field strength decreases with distance from the radio and mm continuum peaks in component "A", and has opposite signs on either side of the continuum peak (see Fig. 2 and Table 2 ). In § 4.1 we show that the continuum peak locates the protostellar position and the radio continuum emission comes from the protostellar jet. Therefore, this finding may indicate that the magnetic field decreases as a function of distance from the protostar 5 The small discrepancy between the VLBI and VLA values may be due to blending with other features within the VLA beam (e.g., features 018 and 019), as also noticed by Sarma et al. (2002) based on the asymmetry in the maser line profile, which required multiple components for a satisfactorily Gaussian fit. 6 The errors in B take into consideration the errors of both B l.o.s. and θ. along the jet axis, probing both the redshifted and blueshifted lobes of the molecular outflow.
Discussion
One relevant question in HMSF is the relation between the gas dynamics and the magnetic field in regulating mass-accretion and mass-loss. VLBI measurements of H 2 O masers can provide a detailed description of gas kinematics and magnetic field structure on scales from tens to hundreds AU, which are the smallest accessible scales in studies of HMSF, and have therefore the potential to address such an open question. W3(H 2 O) contains the best known (archetypical) case of synchrotron jet driven by an embedded high-mass YSO and associated with H 2 O masers, and therefore provides a good target for investigating this issue. Alcolea et al. (1993) , and later on Hachisuka et al. (2006) , performed multi-epoch VLBI observations of H 2 O masers, thus probing the 3D velocity field of the molecular gas surrounding the synchrotron jet on linear scales of hundreds of AU. Our polarimetric measurements of H 2 O masers enabled us to infer the magnetic field strength and orientation on similar linear scales, thus providing the missing piece of information to help us assess the above-mentioned relation.
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(Top panel)
The outward proper motions of the masers to the east and west suggest the presence of a collimated bipolar molecular outflow along E-W (the axis of the synchrotron jet), whereas the proper motions of the masers closer to the radio continuum peak identify a wider-angle biconical outflow driven by the the TW-A high-mass protostar. The western component identifies TW-C, the binary companion of TW-A (e.g., Wyrowski et al. 1999; Zapata et al. 2011) . (Bottom panel) Expanded view towards the core of the synchrotron jet, showing more in details the relation between the H 2 O masers magnetic field orientations (purple segments) and proper motions (arrows). There are four main knots of masers, located towards NE, NW, SE, and SW, with respect to the radio continuum peak (labeled accordingly in the figure) . The proper motions identify a biconical, bipolar molecular outflow driven by the the TW-A high-mass protostar. Note the misalignment between magnetic field and velocity vectors, particularly in the NE and NW knots (see § 4.2 for an explanation).
4.1. Gas dynamics and magnetic field structure Figure 3 shows an overlay of the dust emission from the hot-core (greyscale; Wyrowski et al. 1999) , synchrotron emission from the radio jet (white contours; Wilner et al. 1999) , water maser proper motions (arrows) measured by Hachisuka et al. (2006) , and the direction of magnetic field vectors as determined from our polarization measurements (purple segments). This overlay illustrates a number of physical properties of the system that we describe in detail below.
The first most notable element is the presence of multiple components in the radio continuum, as already noticed by (Wilner et al. 1999 ): a central strongest component, and two secondary peaks to the west (stronger) and to the east (fainter), respectively. The strongest component is centered at the mm dust continuum peak "A" (see also Fig. 1 ) and has an elongated mor-phology along E-W: this is the synchrotron jet discovered by Reid et al. (1995) . Considered their alignment with the axis of the central jet, the secondary components were initially both interpreted as Herbig-Haro objects resulting from strong shocks produced as the fast protostellar jet impinges onto the dense ambient medium. While this may explain the (weaker) eastern component, an alternative interpretation has been suggested for the western (stronger) component, which is nearly coincident with the dust continuum peak "C", and shows a rising spectral index (α = +0.9 between 8 and 15 GHz - Wilner et al. 1999) , as expected from an ionized stellar wind and/or thermal radio jet. Wyrowski et al. (1999) used several K components of the HNCO (10-9) transition to map the rotational temperature of the molecular gas in W3(H 2 O), and found evidence for two heating sources in the region (with T k ∼200 K), coincident with the dusty peaks A and C. These findings are interpreted as evidence for a binary made of two high-mass (B-type) protostars embedded in the W3(H 2 O) hot molecular core (Zapata et al. 2011 ). In the remaining of this paper, we indicate these protostars as TW-A and TW-C (these are labeled in the top panel of Figure 3) .
The second element worth discussing is the kinematics traced by H 2 O masers. They are mainly concentrated towards the three components of the radio continuum, along E-W, with the eastern and western maser clusters showing outward proper motions at about 20 km s −1 . The natural interpretation is that the H 2 O masers probe the molecular component of the synchrotron jet (e.g., Hachisuka et al. 2006) . In fact, a closer look at the measured proper motions in different clusters reveals additional features. First, there is a strong asymmetry between the eastern and western maser clusters. The eastern cluster contains the strongest, saturated masers (with peak flux densities up to about 2000 Jy), and shows a remarkably linear structure perpendicular to its motion (see also Fig. 1, inset "d") , reminiscent of a bowshock or a propagating exciting front (similar to what seen in other H 2 O maser sources: e.g., G24.78; Moscadelli et al. 2007 and Cepheus A; Torrelles et al. 2001 ): this structure can be a component of the same jet propagating from TW-A. On the other hand, the western component excites a much smaller number of (weaker) masers, which seem to move consistently towards south-west: these masers are most probably associated with the second YSO, TW-B. Finally, in the central cluster (labelled "a" in Fig. 1) , the masers show a biconical expanding flow centered on the presumed location of the exciting high-mass protostar, TW-A, with an opening angle of about 15-30
• (estimated from the proper motion position angles) and with somewhat higher velocities (up to 90 km s −1 ) with respect to the external components. This suggests that the outflow from the TW-A object has potentially two different components, a collimated synchrotron jet elongated E-W across a few thousand of AU and a somewhat wider-angle biconical molecular flow at its center (a similar outflow structure is observed in the high-mass Cepheus A HW2 system; Torrelles et al. 2011) .
The third feature displayed in Figure 3 (top panel), is the apparent consistency between gas kinematics and magnetic field orientation, at least on scales of order of one thousand AU or larger, comparable with the size of the dusty core. Indeed, the average magnetic field orientation inferred from the H 2 O masers is mainly E-W, i.e. well aligned with the axis of the synchrotron jet as well as with the axis the molecular outflow (the latter can be defined by the average orientation of the maser proper motions). This is also apparently consistent with the dust polarized emission, mapped with the SMA at 0.9 mm (1. 5 beamsize; Chen et al. 2012) , which shows a magnetic field aligned with the E-W elongation of the dusty core surrounding the TWobject(s). This finding is however surprising since the mm emission traces quiescent material in the dusty hot core, while H 2 O masers trace shocked material in the prostostellar jet. Therefore, the two probes are not expected to provide necessarily consistent pictures for the magnetic field.
The much higher angular resolution provided by the VLBI measurements, with respect to imaging of polarized emission from dust, enables us to take a much closer look at the relation between gas kinematics and magnetic field morphology. The bottom panel of Figure 3 offers a zoomed view of the innermost parts of the synchrotron jet within 1500 AU from TW-A. The first notable feature is the presence of four different knots of masers, located towards NE, NW, SE, and SW with respect to the radio continuum peak, respectively (these knots are labeled accordingly in the figure). Their proper motions identify a clear biconical expanding flow (as already noticed). Since we also determined the magnetic field orientation for some of the polarized masers associated with these four different knots, we can directly compare it with the velocity vectors. One caveat is that, since the multi-epoch proper motion and the polarimetric experiments were conducted 5-6 years apart, a one-to-one comparison between magnetic field and proper motion orientations in individual maser features is not possible. Nevertheless, we can still compare their average relative orientations at different locations. We find that the angles representing the minimum differences between the average position angles of proper motions and magnetic fields in the plane of the sky are respectively: 6
• for SE, 14
• for SW, 30
• for NE, and 54
• in the NW 7 . This finding indicates that, on scales of few hundreds AU, there is a significant misalignment between the orientations of the magnetic field and the velocity vectors. The origin of such a misalignment can be understood with an origin of water masers in fast shocks, as we detail in next section.
Magnetically supported shocks
Water masers are thought to emerge behind fast C-or J-type shocks (Hollenbach & McKee 1979; Elitzur et al. 1989; Kaufman & Neufeld 1996; Hollenbach et al. 2013 ). We show here that the magnetic field properties (strength and orientation) inferred from the observed polarized water maser emission are indeed consistent with an origin in (magnetically supported) shocks.
As a shock propagates in the ambient medium, it alters the initial magnetic field configuration in the circumstellar gas; in particular, the magnetic field component perpendicular to the shock velocity (and parallel to the shock front) is compressed and, therefore, enhanced with respect to the parallel component (which remains unaffected). As a consequence, we expect the magnetic fields probed by the H 2 O masers to be along the shock front 8 (see quantitative discussion in § 4.2.1). This implies that the H 2 O masers provide the structure of the magnetic field in the post-shock gas, rather than in the "quiescent" circumstellar gas, and therefore they are a good probe of the shock morphology. Nevertheless, when the information on the measured orientation and strength of the magnetic field (in the post-shock gas) is coupled with the knowledge of the maser velocities, we can still obtain constraints on the strength and geometry of the magnetic field in the pre-shock circumstellar gas (as we detail in § 4.2.2).
7 These are the values for the angle φ defined in § 4.2.1 and Appendix C. 8 Observational biases also favor the same component because of maser path length, which will favor the compressed field perpendicular to the velocity and parallel to the shock.
Article number, page 7 of 16 A&A proofs: manuscript no. w3h2o_pol 4.2.1. Geometry of the magnetic field in the post-shock gas After the shock passage, the component of the magnetic field parallel to the shock surface, and therefore perpendicular to the shock velocity, is expected to become dominant in the postshock gas. This implies a well defined prediction on the expected relative orientation between the gas motion and the magnetic field. In the assumption that the proper motions of water masers closely represent the shock velocity 9 , we would expect an angle of 90
• between the magnetic field and the proper motion orientations. However, as pointed out in § 4.1, the observed angles between the sky-projected component of the magnetic field and the proper motions are significantly less than 90
• (see also the bottom panel of Figure 3) . A natural explanation for the apparent deviation from the expected perpendicularity between magnetic field and velocity vectors is conductible to 3-D effects.
In Appendix C, we show that the ratio between the components of the magnetic field parallel, B || , and perpendicular, B ⊥ , to the proper motion orientation can be expressed as follows:
where θ is the angle between the magnetic field vector B and the line of sight (as already defined in § 3.1), and φ is the angle between the sky-projected magnetic field and the proper motion orientation (whose measured values are given at the end of § 4.1). This ratio can provide a measure of the relative orientation of the magnetic field with respect to the proper motions. In a first approximation, if B ⊥ > or B || , then the magnetic field can be considered most probably perpendicular to the proper motions. In order to have B ⊥ > B || , φ should be large and θ should be small. Although we find φ ≤30
• in three (out of four) of the knots with measured proper motion and magnetic field orientations (the NW knot has φ=54
• ; see end of § 4.1), those masers present a large negative errorbars in the measured values of θ (see the boldface numbers reported in col. 13 of Table 1 ), allowing values as low as 15
• ≤ θ ≤30
• . As an example, using Equation 1 and taking the maximum value in the range of θ =30
• and a minimum value of φ =10
• , we obtain a minimum value of B ⊥ ≈ 1.8 B || , implying a lower limit of ≈60
• for the angle between the magnetic field orientation and the maser velocity (i.e., the shock velocity). On the other hand, taking a minimum allowed value of θ ≈15
• and a maximum value of φ ≈50 • , it would imply a maximum ratio B ⊥ /B || ≈6, corresponding to an angle of ≈80
• between the magnetic field and the shock velocity. This simple analysis shows that, the observed misalignment between the magnetic field and the velocity vectors in the plane of the sky, can be explained with an origin in magnetically supported shocks, where (the post-shock) magnetic field is expected to be perpendicular to the maser (and shock) velocity.
A caveat is that our analysis is based on measurements of magnetic fields and velocities that were not simultaneous, which prevented us to compare the two properties within individual maser features. Therefore the observed relation between magnetic field and velocity vectors is confirmed on scales of the identified maser knots, that is several tens of AU. Future, simultaneous observations of water maser polarization and proper motions will allow us to verify if such a relation holds from the smallest scales of individual maser features to scales of the entire outflow. The power of simultaneous observations of polarized emission and proper motions has been recently demonstrated in the case of 6.7 GHz methanol masers by Sanna et al. (2015) , who assessed the existence of a coupling between the magnetic field and the motion of the circumstellar gas. Unlike methanol, water masers are shock-excited, therefore establishing the same relation is less straightforward in the case of water masers. We discuss this aspect in § 4.2.2. 4.2.2. Constraints on the strength and geometry of the magnetic field in the pre-shock gas While H 2 O masers provide direct information on the (magnetic and kinematic) structure of the shock, polarization and proper motion measurements (possibly simultaneous) can be used together to get constraints on the magnetic field properties in the pre-shock gas as well. In order to relate the magnetic field strength in the pre-and post-shock region, we can adopt the J-shock model of Hollenbach & McKee (1979) . In particular, for a magnetically supported shock, Hollenbach & McKee (1979) showed that by equating the ram pressure of the pre-shock gas and the magnetic pressure of the post-shock gas, one obtains (their eq. 2.34):
where B 0⊥ is the component of the field compressed by the shock (perpendicular to its propagating direction), v s is the shock velocity, n 0 and n s are the pre-shock and post-shock gas densities 10 , respectively. By assuming a pre-shock density of 10 7 cm −3 (Wyrowski et al. 1999; Zapata et al. 2011 ) and typical shock velocities of 50-100 km s −1 , a post-shock density of 10 9 cm −3 (required for water maser action -Hollenbach et al. 2013) can be obtained for a pre-shock magnetic field of a ∼1-2 mG 11 . According to the J-shock model of Hollenbach & McKee (1979) , the component perpendicular to the shock propagation (parallel to the shock front) is enhanced by a factor equal to the ratio between the post-and pre-shock densities (their Eq. 2.21): B ⊥ = B 0⊥ n s /n 0 . Therefore, after the shock passage, B ⊥ would be amplified to 100-200 mG (assuming n 0 = 10 7 cm −3 , n s = 10 9 cm −3 , and B 0⊥ = 1 − 2 mG). This is consistent with the range of values of the magnetic field strength measured with the H 2 O masers (Table 2) .
Since according to the same model the component of the magnetic field parallel to the shock velocity does not vary (see eq. 2.16 in Hollenbach & McKee 1979) , we can use this prediction to derive constraints on the strength of the parallel component in the preshock gas. The analysis in § 4.2.1 indicates a maximum ratio B ⊥ /B || ≈6 in the post-shock region. Since B ⊥ is likely amplified by a factor of 100 in the fast shocks producing the water masers while B || remains unchanged, we can infer that B 0|| ≥ 10 B 0⊥ .
According to this crude analysis, we constrain the magnetic field strength in the pre-shock gas to 10-20 mG. This range is the right order of magnitude for the magnetic field derived from the synchrotron emission model by Reid et al. (1995) , which infers a strength of the magnetic field B 0 = 10 mG 12 . Likewise, our estimate of magnetic field strength is also consistent with the value of B sky = 17 mG reported by Chen et al. (2012) 
We stress that, even allowing a factor of 10 between B 0|| and B 0⊥ , B ⊥ would still dominate in the post-shock gas, consistent with an estimated range of 100-300 mG.
In summary, the magnetic field would evolve from having a dominant component parallel to the shock velocity in the preshock gas, with field strengths of the order of a few tens of mG, to being mainly dominated by the perpendicular component of order of a few hundred of mG in the post-shock gas exciting the H 2 O masers 13 . The general implication of this finding is that in the undisturbed (i.e. not-shocked) circumstellar gas, the flow velocities would follow closely the magnetic field lines, while in the shocked gas the magnetic structure would be re-configured to be parallel to the shock front.
Summary and Conclusions
We present the first VLBI polarization measurements of H 2 O masers in W3(H 2 O). This HMSF region contains the best known (archetypal) case of a synchrotron jet driven by an embedded high-mass YSO, the TW-object or TW-A, and therefore provides a good target for investigating the relation between the gas dynamics and the magnetic field in regulating massloss in HMSF. In particular, our polarimetric measurements of H 2 O masers have enabled us to infer the magnetic field strength and orientation, that can be directly compared to the kinematics of the molecular outflowing gas, on scales of order of tens to hundreds AU, among the smallest accessible scales in studies of HMSF.
The main findings of this work are the following:
1. We measured a linear polarization fraction varying in the range 0.9-42%, making W3(H 2 O) the highest polarized H 2 O maser source on VLBI scales known in the Galaxy. The masers show also circularly polarized emission, in the range 0.2-1.6%.
2. On scales of order of one thousand AU or larger, the average magnetic field orientation probed by H 2 O masers is mainly E-W, well aligned with the axis of the synchrotron jet driven from the TW-A protostar, suggesting that the molecular masers may probe the magnetic field in the protostellar jet.
3. On smaller scales, 10s to 100s of AU, a detailed comparison between the magnetic field orientations and the proper motions of the H 2 O masers observed at the center of the protostellar jet/outflow, reveals a misalignment between the magnetic field and the velocity vectors, which can be explained with an origin in magnetically supported shocks.
4. Since water masers emerge behind C-and/or J-type shocks, the shock passage alters the initial magnetic field configuration in the circumstellar gas, by compressing and enhancing the component of the magnetic field perpendicular to the shock velocity with respect to the parallel component (by a factor equal to the ratio between the post-and pre-shock 13 The parallel component could dominate in the post-shock gas only if it were >100 mG in the pre-shock gas, i.e. 2 orders of magnitude stronger than the pre-shock perpendicular component; a 100 mG field in 10 7 cm −3 gas is however implausibly high. Therefore, we can rule out that with H 2 O masers we are measuring the parallel component and we are dominated by the perpendicular component.
densities: typically a 100). In the gas shocked by the synchrotron jet, we estimate a total field strength in the range ∼100-300 mG (at densities of 10 9 cm −3 ) and we conclude that fields of this order of magnitude are expected if the observed polarized water masers indeed emerge behind magneticallysupported shocks which compress the field component along the shock front.
5. Although the water maser polarization measurements alone cannot provide a direct measurement of the magnetic field properties in the quiescent (pre-shock) circumstellar gas, nevertheless by combining the information on the orientation and strength of the magnetic field (in the post-shock gas) with the knowledge of the maser velocities, we could constrain the magnetic field strength in the pre-shock circumstellar gas to 10-20 mG (at densities of 10 7 cm −3 ), which is consistent with previous estimates from a synchrotron jet model and dust polarization measurements.
6. We estimate a lower limit of 10 for the ratio of the parallel and perpendicular components of the magnetic field with respect to the proper motions in the pre-shock gas. This indicates that the flow velocities follow closely the magnetic field lines and is suggestive of a local coupling between the magnetic field and the kinematics of the circumstellar gas in the W3(H 2 O) core and the protostellar jet from the TW-object.
This study demonstrates that, although H 2 O masers can naturally probe only the magnetic field in regions shocked by protostellar jets, by combining the knowledge of the 3D velocities and magnetic field orientation/strength, it is still possible to derive constraints on the properties of the magnetic field in the preshock circumstellar gas at the base of protostellar outflows. In particular, our results in W3(H 2 O) suggest the presence of a local coupling between the magnetic field and the gas kinematics, indicating that magnetic fields can be dynamical important in driving the gas outflowing from a high-mass protostar. Future studies based on VLBI multi-epoch observations of H 2 O masers in full polarisation mode (which naturally provide magnetic field and velocity vectors in the same maser features), have the potential to open up a new window into the investigation of the role of magnetic fields in the gas dynamics of high-mass protostellar disk-jet systems, on scales of only tens to hundreds AU from the exciting massive protostar. Goddi et al.: The magnetic field in a protostellar synchrotron jet. Notes. The number ID of the detected maser features is reported in Col. 1. The positions, Cols. 2 and 3, refer to the brightest H 2 O maser feature 018 that was used to self-calibrate the data. The peak flux density (I), the LSR velocity (V lsr ), and the FWHM (∆v L ) of the total intensity spectra of the maser features are reported in Cols. 4, 5, and 6, respectively; I, V LSR , and ∆v L are obtained using a Gaussian fit. The mean linear polarization fraction, P l , and the mean linear polarization angles, χ, are instead reported in Cols. 7 and 8, respectively. We determined P l and χ of each H 2 O maser feature by considering (more than two) consecutive channels across the total intensity spectrum for which the polarized intensity is ≥ 5σ. In Col. 9 we report the intrinsic thermal linewidth of the maser ∆V i . In Col. 10 we report the emerging brightness temperature T b ∆Ω, which is the product of the brightness temperature T b and the solid angle of the maser beam ∆Ω. • 52 24. 607 (an additional offset of ∆x = −10 mas, ∆y = +33 mas is also assumed in the absolute astrometry; see App. B).
(b) The best-fitting results obtained by using a model based on the radiative transfer theory of water masers (Vlemmings 2006; Surcis et al. 2011a ). The errors were determined by analyzing the full probability distribution function.
(c) The angle θ between the magnetic field and the maser propagation direction is determined by using the observed P l and the fitted T b ∆Ω. The errors were determined by analyzing the full probability distribution function. We use boldface for values for which the magnetic field is more likely parallel to χ.
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